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NATIOIEAL ADVISORY -FCRAERCRARTICS 

ByRichardL.Co1Ladayand RarryE.Bloomer 

type turbojet e&ne inthe EACA Levis altitude wind tt&el to 
determine the operational chwacteristios of several Quition 
systems, cross-fire-tube configurations, and fuel systame over a 
range of simzllated night ocmd.itiane. 

The opposite-polarity-type spark plug provided the most sat- 
iefaotory imitian. Inoreasing the cross-fire-tube diameter 
improved intercodbustor flame propagation. At high windmilling 
speeds, aooelerations to apprmtely 6200 rpm could be made at 
a preset constant throttle position. Between engine speeds of 
4CCCand 5CCCrpm, carefulmanipulationofthetbrottlewas required 
during manual acceleration in order to avoid caroibastim blow-out. 
Use of a variable-area exhaust nozzle reduoed acceleration time. 

It is often ne&%ary to start turbojet engines at altitude 
after combustion blow-out has occurred or when some of the en&nes 
of a multiengine aircraft have been inoperative during cruise. 
Starting and acceleration of turbojet engines is-more diffioult at 
high altitude than atsea level because the low combustor pressures 
and temperatures and the poor fuel epray enoountered at high alti- 
tude are detrimental to fuel ignition and flame propagation. The 
decreased density of the air at high altitude aleo reduces the 
energy available for aoceleration, whereas the inertia of the 
rotating parts remains constant. 

A general prog?ent is being conducted at the I?ACA Lewis laboratory 
to study the problem of altitude startin and to investigate methods 
of improving the altitude operational characteristics. As part of 
thie program, an investigation was made in the Lewis altitude wind 
tunnel to study the high-altitude starting and aoceleration charaoter- 
istics of an axial-flow turbojet engine to be used in an airplane 
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powered principally by reciprocating engines. I>ependable starting at 
altitude was required because the operating plans for the airplane 
called for cruising with the Jet engines inoperative. An effort was 
made to improve the fuel-ignition system, the flame-propagation system, 
and the technique for engine acceleration. A preliminary investigation 
of operational characteristics at lower altitudes is presented in 
reference 1. 

The effects of these improvements on the starting and aoceleration 
characteristics of the engine were investigated over a range of alti- 
tudes from 35,000 to 60,000 feet, simulated airspeeds from 250 to 
565 miles per hour, and inlet-air temperatures of approximately -40° F 
and are presented herein. The effect-of four 
tion characteristics was also investigated. 

IESCRIFTI~ OFAPl?ARATUS 

diffe&&t fuels -&I igni- 

-on a wing spring Icsta1lat1an. - The engine was Installed 
the test secticm of the altitude Mnd tunnel (fig. 1). During the 
entire program, dry refrigerated air was supplied to the engine 
frcm the tunnel make-up air system through a duct connected to the 
engine inletbymeane of a labyrinthseal. The airflow through 
the duct was throttled from approximately sea-level preseure to a 
total pressure at the engine inlet correspondFng to the desired 
flight Mach number while the static pressure in the tunnel test 
section was maintained to simulate the desired altitude. 

. 

. 

Endne . - The J47 turbojet engine used in the altitude-w-I&- 
tunnel investigation has a sea-level static thruet rating of 
5200 pounds at BR engine speed of 7950 zqn and a turbloe-outlet 
temperature of 1275O F. The engine has a 12-stage axial-flow com- 
pressor, eight cylindrical. direct-flow-type copibustcqs, a single- 
stage impulse turbine, and a tail pipe. A fixed-area exlmaet noz- 
zle having an outlet area of 280 square inches was used during half 
of the investigation. A manually controlled clam-ehell-type 
variable-axes exhaust nozzle haxtng a maximum outlet axea of 
452 square inches and a minimum outlet area of 257 square inches 
was used during the remainder of the Investigation. The over-all 
length of the engine excluding the exhaust nozzle is 143 inches, 
the maxbum diameter is approximately 37 inches, and the total 
wei@t is 2475 pounds. 

Inetrumentation. - kstrumentation was installed at five sta- 
tions in the engine for measuring temperatures and pressures during 
transient conditions (fig. 2). Engine variables were trammitted 
to gages on a panel, which was photographed by a movie csmera at the 
rate of 1 *ame per seccmd (fig. 3). The pauel instrurae&s me 
identified in the follow%ng table: 
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Lo 
M” r-l 

Photo panel 
mxtiber 

1 
2 
3 

4, 7, 18, 19 
5 
6 
8 
9 

10 

11 
12, 13 

14-17 
20 
21 
22 

23, 24 
25-32 

33, 34, 45 
35 
36 
37 
38 
39 
40 

(not izalled) 
42 
43 
44 

7 Instrument fEagine 

Timer 
Compress&-outlet total pressure 
Airspeed 
Compressor-inlet total pressure 
%&meter 
Compressor-outlet temperature 
Exhaust-gas temperature 
Compressor-inlet temperatlire 
W-2 regulator sensing 

compressor-outlet pressure 
Altimeter 
Ifozzle-Met total pressure 
Turbine-outlet temperature 
Clock 
Igrlition voltage - primary 
Fuel-retum pressure 
Variable-control oil pressure 
Ckmrent auross mtion systems 
Small-slot fuel pressure 
Large-slot fuel pressure 
Throttle-positiou kldicator 
Fuel flow 
Main-pump discharge pressure 
Turbine-outlet static pressure 
i%arter,mperes 
C~ressor-outlet bleed-valve 

position 
Starter volt8 
Hozzle-ppeition indicator 
Regulator-case preseure 

statiaa 
where 

measured 

I 3 
1 
1 

. 
I 3 

6 
1 

3 

7 
5 

5 

IgJlition systems. - Thethreetypes of ignition sys-temthatwere 
furnished by the engine manufacturer are shown In figure 4. The 
standard iguition unit supplied with the 347 engine consisted of a 
vibrator and an ignition coil enclosed in one package. The vibrator 
changed the 24-volt steady direct-current supply to a pulsating 
direct c urrent in the primary winding of the coil and a 20,000-volt 
current in the secondary winding. 
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!Phe dual-synchronous system employed two vibrators in cne unit 
and a separate ignition coil. The vibrator units operated in par- 
allel but slightly out of phase with one another.' The use of two 
vibrators allowed a larger current flow through the coil than ws.8 
possible with the stsndard system. The incressed current resulted 
in approximstely 40 percent more energy to the spark plug. 

The.opposite-polarity ignition system consisted of two igni- 
tion coils end one vibrator unit. The prbnarywindings of the two 
coila were in series but were connected to generate opposite- 
polarity Impulses in the secondau?y windings. With the leads from 
the secondary windings connected to insulated plugs, a potential 
difference approximately twice a.a high as that produced by the 
standard system existed across the spark gap. 

Spark plugs for these ignition ayatema were also supplied by 
the engine manufacturer. The four plugs shown in figure Swere 
used with the stendard snd dual-synchronous systems. The elec- 
trodes of the stsndsrd plug extended Into the combustors approxi- 
mately 2 inches. The cmrresponding lengths of the electrodes of 

.the other three plugswere 3 inches, + Inches, and 4 inches (as 
measured from the apark-plug flsnge to the tips of the electrodes). 
The gsp setting of esch of these plugs w&a 0.130 inch. The ground 
electrodes of the four plugs were hollow and were cooled by prWsry 
ccanbustion air. The center electrodes of the 3$$ and 4$ipCh plugs 
were hollow And were cooled with prrtmsry combustion air by the 
aspirator aotion of the sound electrode. 

The opposite-polsrity type plugs (fig. 61, which were intended 
for use with the opposite-polsrity igcltion system, were also used 
with the stsndard snd dusl-synchronous ignition units. When used 
with these ignition systema, one of the two plugs was connected to 
the high-tension lesd from the coil and the other plug was grounded. 
Gaps between the plugs of l/2 snd 13/16 inch were used tith the 
opposite-polarity i~ition system and l/4 inch with the stsndsrd and 
dual-synchronous ignition systems. These larger gsps were possible 
because the design of the opposite-polsrity plug greatly reduced the 
"ladder effect" encountered with the standeud plug. The opposite- 
polarity twin plug (with a gap of 1 In.) (figs. 7 and 8) wss used 
only tith the opposite-polarity ignition system. The electrodes 
of the opposite-polarity plugs were hollow snd were cooled by oom- 
pressor discharge air. 

. 

. 
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I Cross-fire tubes. - Cross-fire tubes used in this investigation 
includ";l the standard size (l-in. diameter) and three lsr3ge sizes, 

and g inches in diameter (fig. 9). !Ehe l-, +-; and 

l&-inch tubes, which were furnished by the manufacturer, were 

installed tithe standard locE&itZL 5 l&-inch tube was made by 

removing the liner frcmthe l&-inch tube, The 2$inchtubeswere 
installed at the closest point between ccmbustors at the position 
of the stsndsrd cross-fire tubes (fig. 8). Becsuae of installation 
difficulties, the arose-fire tube between ccenbustors 4 and 5 wsa 
emitted. 

For two configurations, cross-fire tubes were installed 3 inches 
forward of the standard location so thst the dames of adjacent com- 
bustors were ocmnected (fig. 10). The two configuration3a differed 
In that the cross-f--tube diameters were 1 inch and \T inches. 

Fuel systema. - Fcr the first psrt of this investigation, the 
standsrd engine fuel system tis used (fig. 11(a)). The main cam- 
ponents of this system consist of a fuel regulstor, gea-tgpe fuel ~ 
pw, fuel-control valve, flow divider, ti duplex fuel nozzles. 
Fuel is supplied to the main fuel pump by me= of a booster pump. 
The msin fuel ptazp is of the constant-displacement type hav%g a 
pu~sping capacity that is pater than the fuel requirements of the 
engine. The fuel-pump discharge pressure is varied by bypassIng a 
portion of the fuel back to the pump inlet. 5 position of the 
fuel-control valve in the bypass circuit is governed by the 
variable-control oil pressure supplied by the fuel regulator. The 
fuel-regulator variable-control oil pressure is a function of throt- 
tle positian, ocanpressor-diachsrge pressure, and engine speed. The 
regulator ipcludes a wide-r-e sped governor, which operates 
effectFvely at engine speeds above 3000 r&m, main-tsina constant 
engine speed fa a given throttle position snd flight condition, 
etna also provides overspeed protectian. At engine speeds below 
3000 r-pm, fuel flow is controlled by manual operaticm of the 
stopcock. 

Abypanswss -talLLed around the stopcockformskingstsrta 
at preselected fuel flows. Later in the first part of the investi- 
gatiaa, the fuel was regulsted by 8 supplementary throttle ina-baU.ed 
in the line feeding the l&r@ Blota of the fuel nozzles in order to 
prevent combustion blow-out caused by audden surges of fuel flow 
when the flow divider opened. 
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Far the second part of the investigation, the fuel system was 
modified as shown in figure 11(b). The fuel line to the small-slot 
manifold was closed and all the fuel was supplied to the fuel noz- 
zles through a f'uel-distribution ccn-trol (fig. 12), The c~~~trol 
meters equal amounts of fuel to the large slots of each of the eight 
fuel nozzles regardless of the total fuel flow. A more detailed 
description of the fuel-distribution oontrol is presented in appen- 
dix A. The spray angle and the large-slot orifice diameter of the 
fuel nozzles used with this system were larger than those of the 
stsndard nozzles. A needle valve was installed in a bypass around 
the flow divider to simulate the restriction of the small slots so 
that the fuel-regulator schedule would be unaffected. For this part 
of the investigation, a supplementary throttle Wtalled in the fuel- 
outlet line of the oil cooler provided a microadjustment for the fuel 
at low flows. 

Fuels. - Because the airplane Fn which this type of ez@ne was 
to be installed csrried only gasoline in its tanks, the main part 
of the investigation was conducted with this fuel. For most of the 
investigation, weathered unleaded gasoline AR-F-48b, grade ll5/145, 
base stock with a Reid v&par pressure of 4.2 pounds per square inch 
was used. Weathered gasoline was used to sFmula.te that fuel which 
is left Ln airplane take after it has clUbed to high altitude. 
Par+ of the investigation, however, were conducted with leaded gas- 
oline AIT-F-48b, grade 115/145, with a Reid vapor pressure of 
6.2 pounds per square inch, weathered leaded gasoline AH-F-48b, 
grade 1151145 base stock tith a Reid vapor pressure of 4.2 pounds 
per square inch, and the readily available fuel AN-F-58. 

Oxygen-injection system. - The oxygen-injection system con- 
sisted of a stainless-steel tube connected to each combustcxr In 
the position shown in figure 13. The tubes were of 3/16-inch 
inside diameter and were Wmeraed l/4 inch inside the ocrmbustor 
liner. When initial results mlcated that inst&Picient penetra- 
tion was achieved, the inside diameter of the tubes was decreased 
to 3132 inch and the immersion was increased to l/2 inch. The oxy- 
gen was injected into the oambustors at pressures ranging fYcm 15 
to 35 pounds per square inch. 

- 

&gine operatifmal characteristics were investigated over a 
range of pressure altitudes Fran 35,000 to 60,000 feet and simulehted 
airspeeds fraan 250 to 585 miles per hour, which correspond to flight 
Mach numbers from 0.37 to 0.88, and engine w%ndmilling speeds from 
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approximately I.200 to 3000 rpm (fig. 14): The ccqpressor-inlet air 
temperature was mafntained at approxinaately -40° F (420° R) at 
each simulated flight condition. 

All attempts to accomplish ignition were made while the engine 
was windmilling without sttier-motor assistance. During the 
starting cycle, the fuel flow was set at a predetermined value before 
the iepition systemwas~energized. After flame propagated to all the 
combustore, the engine was accelerated with the throttle. 

Some starts and acoeleraticrne were made with the stand& engine 
fuel system, as indicated in tables I to III. For most of the inves- 
tigatian, however, the modified fuel system was used. 

Two techniques were employed in atMing and accelerating the 
emgine . Manual accelerations fram all windmilling speeds investi- 
gated were acccv&ished by governing the rate of throttle advance 
to maintain a turbine-outlet gas temperature of 1600° F until an 
engine speed of approximately 4000 rpm was reached. In order to 
avoid combustims blou-out, the throttle position was held fixed 
until the engine accelerated to 5000 rpm and the eaust-gas tem- 
perature decreased to llOU" F. The exhaust-gastemperaturewas 
then gradually increased to 1600° F by advancfng the throttle until 
rated engine speed was reached. 

"Automat1c"'star-b~ a& accele=ticns were made cmly at wind- 
milling speeds of ;Ipproximately 2000 rpm. It was possible to pre- 
set the throttle to give a fuel flow suoh that, when the ignition 
was turned on, the engine started and accelerated to an engine 
speed of approBmately 6200 rpm, from which speed it was further 
accelerated to rated speed by advancing the throttle from its pre- 
set position. During the time the throttle positicn was cm-t, 
the fuel flow increased beoause of increased output of the fuel 
pumpwithenglne speed. Thismethod of startingandaccelerating 
an engine would be perticulsr'lyusefulinflight wheremore thazi 
one enginemustbe put into operation. 

Ignition in a gas-turbine engine at high altitudes can be 
obtained when the following oonditi~a are established: (1) 52 
spark-plug electrodes must be located in the combustor where a 
ccmibustible mixture exists; (2) the pressure level in the ccvn- 
bustor should be as high as ~oasible and the air velooity as low 
as possible; (3) the spark energy level must be sufficient to 
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produce ignition at reduced mixture densities; and (4) the fuel 
entering the combustor should be highly volatile and at as high a 
temperature as possible. The effects of some of these factors on 
the starting characteristics of a full-scale turbojet engine for a 
range of altitudes and airspeeds = shown and discussed herein. 

Determination of Fuel-Flow Requirements 

Successful ignition md flame propagation throughout the engine 
combustors can be obtained for only a limited range of fuel-air 
ratios. Thus, as the engine air flow varies with changes in alti- 
tude or airspeed, the fuel flow must also be varied in order that 
the resulting fuel-air ratio be within the ccanbustible range. Min- 
imum and maximum fuel flows were determined by the trial-and-error 
method. The range of fuel flows for which ignition and flame propa- 
gation were accomplished are shown in the following table for both 
fuel systems at all flight conditions investigated. Fewer starts 
.were made at a simulated airspeed of 355 miles per hour than at the 
other airspeeds at all %hree altitudes; therefore, the fuel-flow 
limits are not believed to be as accurate for this oonditicm as for 
other conditicms. 

Fuel flow 
(lb/b) 

Altitude Simulated Standard Fuel- 
airspeed fuel distributor 

(mph) system W-- 

It is noted that the engine required more fuel as the altitude 
pressure and airspeed were increased.- When-the engine was 
equipped with the fuel-distribution control, more fuel was required 
for ignition and propagation than tith the standard fuel aptem. 
For the dcme-to-dame location of cross-fire tubes, it was necessary 
to drop the fuel flow to the lower limit in order to obtain satis- 
factory propagation. 

. 
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Ignition , 

The reliability of sn i~ition system can be evaluated at- a 
psrticul~ flight condition by conaideraticm of the time required 
to obtain initial~ignition and the number.of successful ate&a 
obtained uith respect to the total number of attempts made. After 
the predetermined correct fuel flow is set and the ignition is 
tmned oti, the ignition time (time required for initial ignition 
to occur) depends on the probability of a canibuatible mixture 
existing in.the regicm of the spark plug. Thus the primary solu- 
tion to obtaining reliable ignition in the ahorteat time interval 
is to locate the spark gap in a region of the codustor where the 
probability of the existence of a ccanbnstible mixture is the 
greatest. 

A ccmparison of the psrf -c-e of several of the ignition 
systszaa investigated is shown in table I. Igtliticul times of 5, 
10, and 20 seconds were arbitrarily established as the basis for 
compsxison. Changes in the fuel system had no appmxmt effect on 
iguition time when the same ignition systmwsa used, 

The performan ce of the standard ignition ayatesr with 2-inch 
apsrk plugs was poor. At altitudes of 35,CCC and 40,000 feet and 
an airspeed of 250 miles per hour, only 25 percent of the attempted 
a-tarts resulted in ignition within 20 seconds, 

Three other lengths of the standard-type spark plug (3, 3$, 
and 4$ in. (fig. 5)) were used with the award and dual- 
synchronous i~ition systems. Cfthese conibinations, the most 
satisfactory perf omance was obtained with the dual-synchronous 
igniticm coil end the J-inch spark plug, as shown in table I. 
Although the performan ce was slightly better-than that of the 
standard i~itim system for the same flight conditions, ignition 
within 20 seconds could not be obtained at airspeeds higher than 
250 miles per hour at en altitude of 40,000 feet or at any air- 
apeed at sn altitude of 45,CCO feet. 

When the opposite-polarity igntion syatem w&s used with a 
spark-plug gap of l3/16 inch at the same flight conditions, igni- 
tion was obtained more consistently and generally within a shorter 
time. Although some atsrts were obtained at an airspeed of 
410 miles per hour at altitudes of 40,000 and 45,000 feet, the 
average time for ignition was longer than 20 seconds. The rapidity 
with which ignitiona could be obtained with the opposite-polarity 



system was greatly improved by decreasing the spark-plug gap from 
13/16 inch to l/2 inch. Ignition W&B obtained consistently at all 
flight conditims investigated and for the majority of attempts 
made ignition was obtained in 10 seconds or less. 

In an effort to maintain the improved ignition system as close 
as possible to the standard system, the standard ignition coils were 
used with the opposite-polarity plugs having a l/4-inch gap. The 
resulte obtained with-this configuration at most conditions were as 
good as those obtained with the best configuration using the 
opposite-polarity coils. At altitudes of 35,000, 40,000, and 
45,000 feet, at least 83 percent of ignitiona at 250 miles per hour 
and at least 50 percent of ignitions at 410 tiles per hour were 
accomplished in 10 seconds or less. 

It is therefore apparent that the opposite-polarity plugs were 
responsible for most of the improvement in the starting character- 
istics, rather then coil design or length of spark plug. 

In addition to the data presented in table I, ignitions were 
obtained with the fuel-distributor system at airspeeds greater than 
410 miles per hour or at altitudes higher than 45,000 feet. All 
attempts resulted in ignition. At en altitude of 45,000 feet and 
an airspeed of 585 miles per hour, five igniticms were obtained in 
25 seconds or less using each of two systems, the opposite-polarity 
igniticm system with l/Z-inch eperk gap and the standard coil with 
opposite-polarity plugs and l/$-inch spark gap. At en altitude of 
50,000 feet, three ignitions were obtained in 20 eecands or less at 
250 miles per hour with the opposite-polarity 1 ition snd l/Z-inch 
spark gap. The opposite-polarity system with 1 7 Z-inch spark-plug 
gap was also effective at 60,000 feet and 315 mile8 per hour where 
two ignitions were obtained in 30 eeccnda or less. 

Flame Propagation 

In the design of a turbojet engine having several individual 
combustors, it is general practice to install spark plugs in only 
two diametrically opposite ccmbuators, thus providing a simplifi- 
cation and a saving in.weight as compared to a system where each 
combuator would have a separate ignition system. Ignition in the 
remaining combustors is dependent on flame propagation through 
interconnecting cross-fire tubes. Aside frcst obtaining reliable 
ignition in the combustors containing spsrk plugs, successful 
starting of a turbojet engine depends on the ability of the flame 
to propagate rapidly throughoutthe remaining combustors. Flame 
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propagation msy be affected by the diameter and the length of the 
cross-fire tube and the lengthwise locstian of the tube on the 
combustor . 

The flame-propagstionperfozman ce of several cross-fire-tube 
ccmfigurations is present& in tsble II for altitudes of 35,000, 
40,000, and 45,OOQ feet and a range of aiFspeeds at each altitude. 
The flame-propagation time was recorded fYam the time that ignition 
occurred in one ccvfibustor until all combustora were ignited, 

Flame propagation with the standard cross-f&e tubes (1 in. in 
diameter) was unsatisfactory at all flight cauditfona investigated. 
An increase Fn cross-fire-tube diameter to l& inches resulted ti 
scms Improvement Fn flame propagation, but the percentsge of propa- 
gations obtained w&a low, particularly at altitudes of;O,OOO and 
45,000 feet. A further -crease In tube diemeter to 53 inches 
greatly improved flame propagation at all altitudes and airspeeds. 
In at least 80 percent'of the attempts, flame propagation waa 
obtained in 20 seconds or less at all altitudes snd airspeeds 
except 45,000 feet snd 410 miles per hour. 

Increasing the diameter of the cross-fire tubes apparently 
-roved flsme propagstion. Consequently, tubes were fabricated 
with a diameter of 2; inches and were in&&led at the shorteat 
distance between ccmbustors. In order to include this configuration 
in the tivestigstion, it k&s fabricsted rapidly. A loose fit 
between cross-fire tubes and combustor liner to allow for erpmaion, 
the protrusion of the cross-fire tubes through the liners, and o&a- 
sion of the cross-fire tube between combustors 4 snd 5 because of 
installation difficulties probably ex$laFn the red7uced performance 
of this comfiguration compsred with the smaller l=-inch-diameter 
cross-fire tubes. 

Two sets of cross-fire tubes hsviag diameters of 1 and 

% 3 inches were installed in the dome of the ccmbastors 3 inches 
forwsrd of the stsndsrd position. The l-inch-diameter dome-to-dame 
cross-fire tubes gave satisfactory propagation at an altitude of 
35,000 feet and an aimpeed of 255 miles per hour. These results 
are not presented in table II. By iacresajng the diameter to 
1% inches, in 67 percent of the attempts propagationa were made in 
10 seconds and 100 percent In 20 seconda at altitudes of 35,OCO and 



12 riAcxFME5oGO7 

40,000 feet at a simulated airspeed of 250 miles per hour. At 
higher airspeeds and sn altitude of 45,000 feet, however, perform- 
ance was very poor. As shown in table II, a limited amount of 
data was obtained using the 1% inch-diameter cross-fire tube with 
both the SW and the fuel-distribution control fuel systems. 
The data indicate that the change in fuel system did not appreciably 
affect propagationtime. 

Acceleration 

Htamerous accele~tions were made using the manual end autcenatic 
techniques with the variable-ma exhaust nozzle open and in the 
standard-area position. The average time for these accelerations is 
shown in table III. The 'time given in the table was recorded from 
the completion of propagation to the time rated speed was reached. 

Attempts to accelerate with the standard fuel eystem at 40,000 
and 45,000 feet at an airspeed of 250 miles per hour, were unauc- 
cessful because of ccc&u&ion blow-out. 

In order to improve the acceleration characteristics of the 
engine, the standard fuel system was replaced by the fuel-distribution 
control system. .This system was designed to.diatribute the fuel 
equally to all ctiustors at all fuel flows and also spray larger 
drops of fuel into the ucuubustors because fuel was.injected through 
only the Large sloted An improvement in acceleration time was noted 
at every ccmditicwand., at some conditions; accelerations were made 
with the fuel-distribution control that were impossible to mske with 
the standard fue1 system. With the use of the fuel distributor at 
engine windmilling speeds of approximately 2000 rpm, it was possible 
for the engine to accelerate 'aUtomatically" at cmtant throttle 
position to approximately 6200 rpm, Frcm which point the throttle 
could be advanced rapidly. As shown in table III, the manual accel- 
eratian was, in general, faster than the autamstic acceleration 
because the turbine-outlet temperature could be kept closer to 
1600' F, A sudden change in fuel flow by throttle motion during 
the acceleratibn to approximately 6200 rpm, psrticularly between 
4000 and 5000 rpm, however, was likely to cause -bustion blow-out. 
Although not'as rapid, the autamatio-type acceleration is valuable, 
inasmuch as it practically eliminates pilot throttle technique and 
cambustion blow-out. A comparison of the autcmatic and manual type 
of accel*tion is pr3sented.i.n figure 15 for an altitude of 
40,600 feet at an airspeed of 4lO miles per hour. It can be noted 
that the fuel pressure and turbine-outlet temperature axe generally 
higher for the manual acceleration. 
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J Decreasing the turbine-outlet pressure by increasing the 
exhaust-nozzle area with a uariable-area nozzle decreased the accel- 
eration time an average of 50 percent of the time required with'the 
standard nozzle area, except at an altitude of 45,ooO feet and an 
airspeed of 410 &lee per hour where on2.y one acceleration was made 
with the nozzle open (table III). A time history of an acceleration 
with the nozzle open at 40,000 feet snd an airspeed of 410 miles per 
hour is also presented in figure 25. The mamal acceleration time 
to 7600 rpm is 23 seconds ocmpared with 40 seconds for the manual 
acceleration with the Mard-area exhaust nozzle. The reduced 
pressure at the turbine outlet with the exhaust nozzle opm, although 
it reduces acceleration tims, actually increases time for ignition 
and propagation, FOP this reason, the best procedure to shorten 
starting time for operatirm with a va?$able-area nozzle is to keep 
the nozzle in the closed position u&i2 ignitiorn and propagation are 
ccuzpleted and then to open the nozzle until the acceleration is 
completed. 

EXfect of Fuel 

Several fueia were used in the investigation in an effort to 
determine the effect on high-altitude ignition. During this pm-t 
cf the investigation the engine was equipped with the standa& and 
opposite-polarity ignition system, opposite-polarity-tgpe spark 
plugs, and the fuel-distribution ccmtrol. It -8 thought that the 
higher volatility fuels would ignite faster, but mtion of the 
limited data avai2able Indicated that the effect of fuel volatility 
within the range investQated was negligible. 

ETfect of Oxygen'Injection 

In order to aid ignitim and propagation, oxygen was injected 
into the ccmbustora at altitudes of 45,000 end 50,000 feet. A def- 
inite decrease Fn tims for ignitions and propagatioga was noted 
when oxygen was Injected. During one ate&, ctiustorethathad 
ignited went out when the oggen flaw was stopped. Even though 
oxygen injection improves ignititi and propagation, its use in a 
flight insta22ation might be objectimable because of the etira 
weight of Gxjection equipment. 
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. SIMMABYOFRESCLTS 

The following results were obtained during an Fnvestigatian 
of the high-altitude startSn& and acceleration characteristics of 
a 547 turbojet engine in the NACA Lewis altitude wind tunnel: 

1. The ignition systams that performed most reliably were the 
opposite-polarity coils combined with the opposite-polarity spark 
plugs with a l/Z-inch gap, and the standard coil with opposite- 
polarity spark plugs with l/4-inch gap. Reliable ignition was 
obtarzled at simulated airspeeds up to 410 miles per hour and alti- 
tudes up to 45,000 feet. Several successful ignitions were obtained 
at an altitude of 60,000 feet at sn airspeed of 315 miles per hour 
and at airspeeds as high as 565 miles per hour at an altitude of 
45,000 feet. 

2. Interccanbustor flame propagation improved as the cross-fire- 
tube diameter was increased from 1 inch to l& inches. 

3. Acceleration characteristics were improved through the use 
of the fuel-distribution control, which made it possible to use 
larger fuel flows at ignition and awing the early stages of accel- 
eration. At altitudes from 35,000 to 45;OOO feet and an airspeed 
of approximately 410 miles per hour, correspondFngt0 an engine 
wIndmilling speed of 2000 rpm, accelerations were made to 6200 rpm 
at a preset constant throttle position. Between engine epeeds of 
4000 and 5000 rpm, careful manipulation of the throttle was required 
daring msnual acceleration In order to avoid combustion blow-out. 

4. Average time for accelerations with the variable-area exhaust 
nozzle was reduced to 50 percent of the time required with the stand- 
ard area nozzle. 

Lewis Flight Propulsion Laboratory, 
National Advisory CommSttee for Aeronautics, 

Cleveland, Ohio. 
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APPENDIXA 

FUtE-DIHEUBUTIOE COEZROL 

The fuel-distribution cc&r02 equalizes the flow to the fuel 
nozzles independently of nozzle flow resistaace by controlling equal 
pressure drops across fixed-srea orifices. One of these orifices 
feeds each nozzle. The fuel-distribution ccntrol used in this 
investiga.ticm waa basicslly similer to the control destiibed in 
reference 2. The control was modified by using a springless, 
diaphragm-opertited pilot resiatsnce valve that was automstically 
vented by a multiple pressure selector to the branch line feeding 
the nozzle having the highest resistanoe. In this manner, the 
pilot,resiatance valve automatically adjusted to the pressure-drop 
characteristica of the nozzles. As schamstically ahown in fig- 
ure 26, each brsnch line feed&g a nozzle is vented to a diaphragm- 
operated check valve. If the pressure in a branch line is higher 
than the pressure being transmitted to the opposite p& of the check 
valve, the check-vslve diaphragm is moved upwsrd and the branch pres- 
sure iir trsmmitted dommwd. X the pressure in a branch line is 
lower than the pressure trsnamitted to the opposite port of the check 
valve, the diaphragm is moved dawnward and the higher pressure . 
entering the upper p& is transmitted downward. In this manner the 
highest pressure existing in sny of the branch lines is trsnaruitted 
downwsrd to chamber C. The diaphragm-operated pilot resistance valve 
positions itself to maintain the pressure in ohamber D equal to that 
in chamber C. The pilot regulator jet therefore always disc-s 
into a pressure equaltothatexisting in the branch line feeding 
the nozzle having the highest resistance, 

The pilot element is used to feed one of the eight engine fuel 
nozzles. If this nozzle should have the highest resistance, the 
diaphragm-operated pilot resistance valve moves to a wide-open posi- 
tion and the pilot regulator jet sgain discharges into a pressure 
equal to that existing in the branch line feeding the nozzle with 
the highest resistsnce. 
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APPEI?DIXB 

Sgmbols 

The following symbols are used in this report: 

acceleration due to gravity, 32.2 ft/sec' 

total pressure, lb/sq f-k absolute 

static pressure, lb/sq ft absolute 

gas CmnstaPt, 53.3 ft-lb/(lb)(%) 

tot82 teerature, 4R 

indicated temperature, oR 

static temperature, OR 

velocity, ft/sec 

ratio of specific heats 

Subscripts: 

0 free-air stream 

1 engine Inlet 

Methods of Calculation 

Ln the calculation of the desired parsmeters, arithmetic- 
average values of tengpera ture and pressure were ueed. 

Temperatums. - Static temperatures were determined *cm 
indicated temperatures with the follwlag relation: 

. 

-ii= 1 

1 + 0.85[;5? - ij .- 
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AirSpe8d. - Simulated airspeed was calcnlated fro.& ram pressure 
ratio by the follodng eqnation assudng scmplete pressure recovery 
at the engine inlet: 

17 

1. Bloamer, Harry 33.: Altitude-Ifind-hrppel Investigation of Opera- 
tional Characteristics of J47 Turbojet Engine. EACA IN EX26, 
1949. 

2. Gold, Hsrold, and Straight, David M.: A Fuel Distribution Control 
for Gas-Turbine EngiPea. IfACA RM E8CO8, 1948. 



250 

355 

410 

20 0 2 29 7 104 2 100 2 100 5 
250 5 0 0 42 30 90 

10 0 30 75 50 90 
20 25 4' 36 6 100 I2 100 a 102 10 

35s 5 Cl 0 0 l&l 100 
10 !:I 0 0 100 loo 

Ii 
0. 4 50 2 l!xl 10 1W 8 

410 I"\ 0 Es SB 

20 1:) z 

4 
ml ! 

2 4Q s 1w .I 8 1: 9 
2.50 5 0 0 0 33 I 33 

10 0 0 0 63 ' 65 n 
20 0 1 0 4 14 7 100 6 100 6 

35s 5 (a 0 0 33 10 b 0 0 100 lci 
20 (4 0 2 0 3 103 3 100 1 

410 5 0 42 0 
10 0 50 
20 25 4 I2 50 4 

. 9 * 
1 

I Ew/ 



Alt.lt& 6imlata (fd yg 
-r 

46,m 1 250 

46,cm 986 

45,lm 410 

;365 
” I 

, t 

hsldlabrlhtim @em 
I 

- 



Alttltdc 
(It) 

=,m 

35 I 

36,KQ 

lmiiatd 
2T 

-is- 

585 
UO 

250 

356 

4lo 

250 

353 

410 

. . 

G 
3 59 10 27 s 4 

1200 lG0 210-m 160 ii (4 
257 4 1801 

1500 le.75 (4) 101 02 (0) la) 
101 1 62 1 

1Iwx) 2750 (4 35-S 53 BB-lls 41 
45 4 53 1 1w 5 41 1 

%t.nmtoatainea. 
t%aglmiallcdtolmohtop epeil. 

I 

. I 



, I 

. 
I 





I.365 

Bantam 1, 
engine inlet 

6taQim lbtsl- stntia- 
preesura pesenre 
tubea dUiW# 

Bz 
1 41 4 
3 26 
6 

Y 2 

6 4 

I I 





5 
‘0 
4 



. 

. 



NACA RM E5OGO7 27 

: I 
.I -- 

I 

C-23681 
6-23.49 

F&nre 5. -Foureparkplugsuaedaithetandad t%M duel-sgnohrw i&Man units. 



. 

. 



N ACA RM ES()G07 

C-23718 
7-5-49 

i 



. 

. 



MACA RM E50G07 

C-23779 
7-13-49 

Figure 7. - oppoelte-polaritp twin plug. 
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44 N ACA RM E50G07 

1 .: 

- 
Tima, sea 

Figure 16. - Variation of several engine varlablas with tlma using n,anual #r.d automatic tschdqus 

duFlnS soosleration. Altituda, 40,000 fast; sIraimed, 410 miles tir hour. 
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